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Introduction
A significant aspect of using response spectra calculated by density functional theory, DFT, for the direct construction of permittivity functions is that it adopts the perspective of computational physics, according to which a numerical simulation represents another source of "experimental" data. This perspective is significant in that a general procedure may be developed for construction of permittivity functions using DFT calculations as a quantitative initial estimate of spectral response features for subsequent adjustment with respect to additional information such as experimental measurements and other types of theory based calculations. That is to say, for the purpose of simulating many electromagnetic response characteristics of materials, DFT is sufficiently mature for the purpose of generating data complementing, as well as superseding, experimental measurements.
In the case of THz excitation of materials, the procedure of using response spectra calculated using DFT for the direct construction of permittivity functions is well posed owing to the physical characteristic of THz excitation. In particular, it is important to note that the procedure for constructing a permittivity function using response spectra calculated using DFT is physically consistent with the characteristically linear response associated with THz excitation of molecules. Accordingly, one observes a correlation between the advantages of using THz excitation for detection of IEDs (and ambient materials) and those for its numerical simulation based on DFT. Specifically, THz excitation is associated with frequencies that are characteristically perturbative to molecular states, in contrast to frequencies that can induce appreciable electronic state transitions. Of course, the practical aspect of the perturbative character of THz excitation for detection is that detection methodologies can be developed which do not damage materials under examination. The perturbative character of THz excitation with respect to molecular states has significant implications with respect to its numerical simulation based on DFT. It follows then that, owing to the perturbative character of THz excitation, which is characteristically linear, one is able to make a direct association between local oscillations about ground-state minima of a given molecule and THz excitation spectra.
In what follows, calculations are presented of ground state resonance structure associated with the high explosives € β − HMX, PETN, RDX, TNT1 and TNT2 using DFT. This resonant structure is for the construction of parameterized dielectric response functions for excitation by electromagnetic waves at compatible frequencies. For this purpose the DFT software GAUSSIAN09 (G09) was adopted [1] .
The organization of the subject areas presented here are as follows. First, a general review of the elements of vibrational analysis using DFT that are relevant for the calculation of absorption spectra is presented. Second, a general review is presented concerning the formal structure of permittivity functions in terms of analytic function representations. An understanding of the formal structure of permittivity functions in terms of both physical consistency and causality is important for post-processing of DFT calculations for the purpose of constructing permittivity functions. Third, information concerning the ground state resonance structure of the explosives € β − HMX, PETN, RDX, TNT1 and TNT2, which is obtained using DFT, is presented as a set of case studies. This information consists of the ground state molecular geometry and response spectrum for an isolated molecule. In addition, for each of the explosives, a prototype calculation is presented to demonstrate the construction of parameterized permittivity functions using response spectra calculated using DFT.
Construction of Permittivity Functions using DFT

Density Functional Theory
The application of density functional theory (DFT) and related methodologies for the determination of electromagnetic response characteristics is important for the analysis of parameter sensitivity. That is to say, many characteristics of the electromagnetic response of a given material may not be detectable, or in general, not relevant for detection. Accordingly, sensitivity analyses concerning the electromagnetic response of layered composite systems can adopt the results of simulations using DFT, and related methodologies, to provide realistic limits on detectability that are independent of a specific system design for IED detection. In addition, analysis of parameter sensitivity based on atomistic response characteristics of a given material, obtained by DFT, provide for an "optimal" best fit of experimental measurements for the construction of permittivity functions. It follows that within the context of parameter sensitivity analysis, data obtained by means of DFT represents a true complement to data that has been obtained by means of experimental measurements.
The DFT software GAUSSIAN09 (G09) can be used to compute an approximation of the IR absorption spectrum of a molecule [1] . This program calculates vibrational frequencies by determining second derivatives of the energy with respect to the Cartesian nuclear coordinates, and then transforming to mass-weighted coordinates at a stationary point of the geometry. [2] . The IR absorption spectrum is obtained using density functional theory to compute the ground state electronic structure in the Born-Oppenheimer approximation using Kohn-Sham density functional theory [3] [4] [5] [6] [7] . GAUSSIAN uses specified orbital basis functions to describe the electronic wavefunctions and density. For a given set of nuclear positions, the calculation directly gives the electronic charge density of the molecule, the potential energy V, and the displacements in Cartesian coordinates of each atom. The procedure for vibrational analysis followed in GAUSSIAN is that described in [8] . Reference [9] presents a fairly detailed review of this procedure. A brief description of this procedure is as follows.
The procedure followed by GAUSSIAN is based on the fact the vibrational spectrum depends on the Hessian matrix f CART, which is constructed using the second partial derivatives of the potential energy V with respect to displacements of the atoms in Cartesian coordinates. Accordingly, the elements of the 3N x 3N matrix f CART are given by 
where l CART is the matrix whose elements are the displacements of the atoms in Cartesian coordinates and the normalization constant N i is given by
The matrix l CART is determined by the following procedure. First,
where l MWC is the matrix whose elements are the displacements of the atoms in mass-weighted Cartesian coordinates and M is a diagonal matrix defined by the elements
Proceeding, l MWC is the matrix needed to diagonalize f MWC defined by Eq.(2) such that
where € Λ is the diagonal matrix with eigenvalues € λ i . The procedure for diagonalizing Eq. (7) consists of the operations
where D is a matrix transformation to coordinates where rotation and translation have been separated out and L is the transformation matrix composed of eigenvectors calculated according to Eq.(9). The eigenfrequencies in units of (cm -1 ) are calculated using the eigenvalues
where c is the speed of light. The elements of l CART are given by
where k, i=1,…, 3N, and the column vectors of these elements are the normal modes in Cartesian coordinates.
The intensity Eq.(3) must then be multiplied by the number density of molecules to give an absorption strength. It follows that the absorption spectrum calculated by GAUSSIAN is a sum of delta functions whose positions and magnitudes correspond to the vibrational frequencies and magnitudes, respectively. In principle, however, these spectral components must be broadened and shifted to account for anharmonic effects such as finite mode lifetimes and inter-mode couplings.
Dielectric Permittivity Functions
The general approach of constructing permittivity functions according to the best fit of available data for given material corresponding to many different types of experimental measurements is not unprecedented and has been typically the dominant approach, e.g., the permittivity function of water. The general simulation framework presented here considers an extension of this approach in that calculations of electromagnetic response based on DFT is also adopted as data for construction of permittivity functions. The inclusion of this type of information is significant for accessing what spectral response features at the molecular level are actually detectable with respect to a given set of detection parameters. Accordingly, permittivity functions having been constructed using DFT calculations provide a quantitative correlation between macroscopic material response and molecular structure. Within this context it is not important that the permittivity function be quantitatively accurate for the purpose of being adopted as input for system simulation. Rather, it is important that the permittivity function be qualitatively accurate in terms of specific dielectric response features for the purpose of sensitivity analysis, which is relevant for the assessment of absolute detectability of different types of molecular structure with respect to a given set of detection parameters. That is to say, permittivity functions that have been determined using DFT can provide a mechanistic interpretation of material response to electromagnetic excitation that could establish the well posedness of a given detection methodology for detection of specific molecular characteristics. Within the context of practical application, permittivity functions having been constructed according to the best fit of available data would be "correlated" with those obtained using DFT for proper interpretation of permittivity-function features. Subsequent to establishment of good correlation between DFT and experiment, DFT calculations can be adopted as constraints for the purpose of constructing permittivity functions, whose features are consistent with molecular level response, for adjustment relative to specific sets of either experimental data or additional molecular level information.
The construction of permittivity functions using DFT calculations involves, however, an aspect that requires serious consideration. This aspect concerns the fact that a specific parametric function representation must be adopted. Accordingly, any parametric representation, i.e., parameterization, adopted for permittivity-function construction must be physically consistent with specific molecular response characteristics, while limiting the inclusion of feature characteristics that tend to mask response signatures that may be potentially detectable.
In principle, parameterizations are of two classes. One class consists of parameterizations that are directly related to molecular response characteristics. This class of parameterizations would include spectral scaling and width coefficients. The other class consists of parameterizations that are purely phenomenological and are structured for optimal and convenient best fits to experimental measurements. A sufficiently general parameterization of permittivity functions is given by DrudeLorentz approximation [10] 
where np ν and n γ are the spectral scaling and width of a resonance contributing to the permittivity function. The permittivity ∞ ε is a constant since the dielectric response at high frequencies is substantially detuned from the probe frequency. The real and imaginary parts, 
With respect to practical application, the absorption coefficient € α and index of refraction r n , given by
respectively, provide direct relationships between calculated quantities obtained by DFT and the "conveniently measurable" quantities α and r n .
Case Study 1:
In this section are presented two sets of data, which are the results of computational experiments using DFT, concerning the molecule € β − HMX. These are the relaxed or equilibrium configuration of a single isolated molecule of € β − HMX (see Table 1 ) and ground-state oscillation frequencies and IR intensities for this configuration that are calculated by DFT according to the frozen phonon approximation (see Table 2 ). For these calculations geometry optimization and vibrational analysis was effected using the DFT model B3LYP [11, 12] and basis function 6-311++G(2d,2p) [13] . According to the specification of this basis function, the symbol "++" designates the 6-311G basis set supplemented by diffuse functions [14] , and (2d,2p) designates polarization functions having 2 sets of d functions for heavy atoms and 2 sets of p functions for hydrogen atoms [15] . A schematic representation of the molecular geometry of € β − HMX is shown in Fig.(1) . Fig.(2) is the IR intensity as a function of frequency for € β − HMX according to a frozen phonon approximation. For the spectrum shown in Fig.(2) , the structure of each resonance response is approximated essentially by that of a delta function. 
Shown in
Case Study 2: PETN
In this section are presented two sets of data, which are the results of computational experiments using DFT, concerning the molecule PETN. These are the relaxed or equilibrium configuration of a single isolated molecule of PETN (see Table 3 ) and ground-state oscillation frequencies and IR intensities for this configuration that are calculated by DFT according to the frozen phonon approximation (see Table 4 ). The DFT model and basis function used for these calculations are the same as those used in case study 1. A schematic representation of the molecular geometry of PETN is shown in Fig.(4) . Fig.(5) is the IR intensity as a function of frequency calculated using DFT for PETN according to a frozen phonon approximation. For the spectrum shown in Fig.(5) , the structure of each resonance response is approximated essentially by that of a delta function. Figure 5 . IR intensity as a function of frequency calculated using DFT B3LYP/6-311++G(2d,2p) for PETN according to frozen phonon approximation. 
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Case Study 3: RDX
In this section are presented two sets of data, which are the results of computational experiments using DFT, concerning the molecule RDX. These are the relaxed or equilibrium configuration of a single isolated molecule of RDX (see Table 5 ) and ground-state oscillation frequencies and IR intensities for this configuration that are calculated by DFT according to the frozen phonon approximation (see Table 6 ). ). The DFT model and basis function used for these calculations are the same as those used in case study 1. A schematic representation of the molecular geometry of RDX is shown in Fig.(7) . Fig.(8) is the IR intensity as a function of frequency calculated using DFT for RDX according to a frozen phonon approximation. For the spectrum shown in Fig.(8) , the structure of each resonance response is approximated essentially by that of a delta function. Figure 8 . IR intensity as a function of frequency calculated using DFT B3LYP/6-311++G(2d,2p) for RDX according to frozen phonon approximation. In this section are presented two sets of data, which are the results of computational experiments using DFT, concerning the molecule TNT1. These are the relaxed or equilibrium configuration of a single isolated molecule of TNT1 (see Table 7 ) and ground-state oscillation frequencies and IR intensities for this configuration that are calculated by DFT according to the frozen phonon approximation (see Table 8 ). The DFT model and basis function used for these calculations are the same as those used in case study 1. A schematic representation of the molecular geometry of TNT1 is shown in Fig.(10) . Shown in Fig.(11) is the IR intensity as a function of frequency calculated using DFT for TNT1 according to a frozen phonon approximation. For the spectrum shown in Fig.(11) , the structure of each resonance response is approximated essentially by that of a delta function. Figure 11 . IR intensity as a function of frequency calculated using DFT B3LYP/6-311++G(2d,2p) for TNT1 according to frozen phonon approximation. In this section are presented two sets of data, which are the results of computational experiments using DFT, concerning the molecule TNT2. These are the relaxed or equilibrium configuration of a single isolated molecule of TNT2 (see Table 9 ) and ground-state oscillation frequencies and IR intensities for this configuration that are calculated by DFT according to the frozen phonon approximation (see Table 10 ). The DFT model and basis function used for these calculations are the same as those used in case study 1. A schematic representation of the molecular geometry of TNT2 is shown in Fig.(13) . Fig.(14) is the IR intensity as a function of frequency calculated using DFT for TNT2 according to a frozen phonon approximation. For the spectrum shown in Fig.(14) , the structure of each resonance response is approximated essentially by that of a delta function. Figure 14 . IR intensity as a function of frequency calculated using DFT B3LYP/6-311++G(2d,2p) for TNT2 according to frozen phonon approximation. 
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Discussion
The DFT calculated absorption spectra given in tables 2, 4, 6 and 8 provide two types of information for general analysis of dielectric response. These are the denumeration of ground state resonance modes and estimates of molecular level dielectric response structure. The construction of permittivity functions using the DFT calculated absorption spectra follows the same procedure as that applied for the construction of permittivity functions using experimentally measured absorption spectra, but with the addition of certain constraint conditions. Accordingly, construction of permittivity functions using either DFT or experimentally measured absorption spectra requires parameterizations that are in terms of physically consistent analytic function representations such as the Drude-Lorentz model. Although the formal structure of permittivity functions constructed using DFT and experimental measurements are the same, their interpretation with respect to parameterization is different for each case.
Conclusion
The calculations of ground state resonance structure associated with the high explosives € β − HMX, PETN, RDX, TNT1 and TNT2 using DFT are meant to serve as reasonable estimates of molecular level response characteristics, providing interpretation of dielectric response features, for subsequent adjustment relative to experimental measurements and molecular structure theory.
